
Abstract For InAs/GaAs quantum dot system, the

evolution of the wetting layer (WL) with the InAs

deposition thickness has been studied by reflectance

difference spectroscopy (RDS). Two transitions

related to the heavy- and light-hole in the WL have

been distinguished in RD spectra. Taking into account

the strain and segregation effects, a model has been

presented to deduce the InAs amount in the WL and

the segregation coefficient of the indium atoms from

the transition energies of heavy- and light-holes. The

variation of the InAs amount in the WL and the seg-

regation coefficient are found to rely closely on the

growth modes. In addition, the huge dots also exhibits

a strong effect on the evolution of the WL. The

observed linear dependence of In segregation coeffi-

cient upon the InAs amount in the WL demonstrates

that the segregation is enhanced by the strain in the WL.
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A strained epilayer with a thickness beyond a critical

value will change from layer-by-layer growth (Frank–

van der Merwe growth) to island growth (Stranski–

Krastanow growth) in order to relax strain energy.

When covered by barrier materials, these self-assem-

bled nanometer-scale islands become the so-called

quantum dots (QDs), which have attracted much

attention due to the interest in their fundamental

physics and potential application in novel devices [1].

The optical and electrical properties of the self-

assembled QDs can be affected greatly by the wetting

layer (WL) around the dots [2–5]. The WLs serve as

channels for carriers to fall into dots and to redistribute

between the dots, strongly influencing on the emission

properties of the dots [2, 3]. It was also predicted that

the WLs could limit greatly the modulation response of

QD lasers [4]. Therefore the information of electronic

states and structures of WLs is desirable for under-

standing the properties of the QDs and their devices.

However, unlike QDs, which can be characterized

straightly by atomic force microscopy (AFM), trans-

mission electron microscopy (TEM) and photolumi-

nescence (PL), etc. [1], it is quite difficult to access

experimentally the information of WLs. Occasionally

WLs can be observed in PL excitation and photore-

flectance (PR) measurements [6]. The direct observa-

tion has been achieved by the cross-sectional STM

measurements under an ultra-high vacuum environ-

ment [7, 8]. However, there is still no systematical

experiment research on the evolution of WLs up to

now.

In this letter, reflectance difference spectroscopy

(RDS) will be adopted to characterize the WL in the

InAs/GaAs system. RDS is a sensitive tool for char-

acterizing the in-plane optical anisotropy (OA) of

surfaces and quantum wells (QWs), in which the

symmetries are reduced due to the surface recon-

struction and the inversion asymmetry of the QWs,

respectively [9, 10]. OA is expected for an InAs WL,

which behaves as an asymmetric InGaAs QW due to
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the segregation effect [11]. The transition energies of

WLs can be obtained from the RD spectra, which

offers a method to study WLs. By pausing substrate

rotation, non-homogeneous InAs deposition can be

realized on a GaAs surface [12], which enables us to

study the WL of various deposition thickness that are

grown under the same growth conditions.

The samples are prepared on a 2-in. semi-insulating

GaAs substrate in a Riber-32p MBE system under an

As2 flux of 5 · 10–6 Torr. After the growth of 100

nm-GaAs buffer layer at 580 �C, the growth tempera-

ture was reduced to 530 �C and another 2 nm-GaAs

was grown. Then an InAs layer of averaged 2 ML was

deposited at a rate of 0.008 ML/s. Afterwards, 5 nm-

GaAs, 100 nm-GaAs, and 2 nm-GaAs were grown at

530 �C, 580 �C, and 530 �C, respectively. Finally an-

other 2 ML InAs layer was grown for the AFM mea-

surements. After growth of each InAs layer a growth

interruption of 2 min was introduced to allow a full

diffusion of indium atoms on the surface. Note that the

substrate stops rotating during the InAs deposition in

order to achieve the expected non-homogeneous InAs

distribution [12]. In this case, the incidence angle of the

indium beam is about 35 �, and the distance between

the indium source and the sample is about 10 cm. After

growth the wafer was cut into 16 pieces with a size of

about 3 mm along the direction where the InAs

thickness varies gradually. The 16 pieces were num-

bered from 1 for the thinnest to 16 for the thickest. An

almost linear variation of InAs amount with the sam-

ples can be predicted on the basis of the cosine law for

the MBE source beam [13]. The relative reflectance

difference between the [110] and ½110� directions,

q ¼ 2ðr110 � r110Þ=ðr110 þ r110Þ, was measured for all

samples by the RDS at room temperature. The RDS

setup has been given in our previous work [10].

The samples are first characterized by AFM in

contact mode. Figure 1a shows the typical surface

morphology of six samples. The structural parameters

of InAs QDs obtained from AFM results have been

summarized in Fig. 1(b, c). No QD in samples 1–3

simply reflects a FM growth of the InAs layer. For the

samples 4 and 5, a few InAs QDs appear in the surface,

indicating a growth transition from FM into SK mode.

For the samples 6–12, the dot density increases quickly

and saturates at a level of about 8 · 109/cm2, while the

averaged height keeps almost unchanged. When the

InAs thickness is further increased in the samples

13–16, the averaged height drops apparently from

12 nm to 8 nm, and the lateral size increases from

42 nm to 53 nm, indicating a ripening process [14]. In

samples 9–16, some huge InAs dots are found with the

sizes two times or more larger than that of the around

dots. It is generally believed that the huge dots tend to

relax strain energy via the generation of dislocations,

which in turn enhances their ability to capture the in-

dium atoms. The density of the huge dots is also

plotted in Fig. 1b. Clearly they prefer to be formed at

the initial stage of the dot formation (samples 5 and 6)

or under thicker InAs depositions (samples 9–16). In

contrast to the rich information about the InAs dots,

no information can be obtained for the WL from the

AFM measurements.

Figure 2a shows RD spectrum (q) and its second

derivative spectrum with respect to wavelength (d2q/

dk2) of the sample 10. In RD spectrum three features at
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Fig. 1 (a) AFM images
(2 lm · 2 lm) of the samples
2, 4, 6, 8, 10 and 12. Different
gray-scales are adopted in the
images. Arrows point out the
huge dots, which may be
incoherent to the GaAs. (b
and c) Density of InAs dots
NQD (squares), density of
huge InAs dots NLQD

(circles), averaged height
(squares) and base area
(circles) of InAs dots
obtained from AFM results.
FM, SK and R denote the
Frank–van der Merwe,
Stranski–Krastanow and
ripening growth modes,
respectively
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875.4 nm, 892.8 nm, and 916.1 nm, superimposed over

a broad structure (baseline) shown as a thin curve, are

assigned to the transitions related to GaAs band edge,

the LH and HH transitions in the buried WL, respec-

tively. At present it is not clear where the broad

structure comes from. Three structures are even clear

in the extracted RD spectrum and d2q/dk2 spectrum.

Note that the surface WL has no bound state due to the

narrow well width and the extremely high barrier of

the vacuum. Because of the heavier effective mass of

the HH, the HH transition energy is very sensitive to

the fluctuation in composition and thickness of the WL,

that is why the HH structure is broadened. Figure 2b

shows the d2q/dk2 spectrum varying with the samples.

The wavelength shifts of the GaAs, LH and HH fea-

tures are clearly indicated by the triangles, squares, and

circles, respectively.

The OA reflects a symmetry reduction of the WL,

which arises probably from segregation effect and

lateral compositional modulation (LCM) in the WL [10,

15]. It is well known that the indium atoms will segre-

gate to surface during the capping process, leading to an

asymmetric InGaAs QW with a width of several

nanometers [11]. On the other hand, the InGaAs stripes

or elongated structures along the ½110� direction were

frequently observed for InAs deposited on the GaAs

surface [16, 17]. This LCM structures can be preserved

after the capping process and cause an anisotropic

strain in the WL. The variation of the OA of the WL

shown in Fig. 2(b) therefore implies a systematical

change of the segregation or LCM in the WL. The

detailed discussion is beyond the scope of this letter.

The shift of the LH and HH structures shown in

Fig. 2b reveals the variation of the total InAs amount

in the WL. We have presented a calculation model to

calculate the transition energies related to the HH and

LH holes in the WL. The model takes into account not

only the strain effect, and different effective masses for

InAs and GaAs, but also the segregation effect of

indium atoms. Due to the segregation effect, the buried

InAs WL can be treated as an asymmetric quantum

well with an exponentially decayed composition dis-

tribution, i.e., the distribution of indium atoms in WL

(XIn) can be given by

XIn ¼
0 z\0

tWL

l expð�z=lÞ z[0

�
; ð1Þ

where z = 0 is the position where InAs is deposited, tWL

is the InAs amount in the WL, l is the segregation length

of the indium atoms. The segregation coefficient R is

related to the segregation length via R = exp(– ac/2l)

with ac of the lattice constant of GaAs. In principle the

unknown tWL and R can be determined from the HH

and LH transition energies uniquely, if the HH and LH

exciton binding energies (Eex
hh and Eex

lh ) are known. The

two reference samples with InAs deposition thickness

of 1 ML and 1.7 ML have been adopted for the cali-

bration of Eex
hh and Eex

lh . For the 1.7 ML sample, the

QDs are formed at 1.6 ML monitored by RHEED, i.e.,

tWL = 1.6 ML. Assumed Eex
hh ¼ cEex

lh with c indepen-

dent upon tWL (c = 1.4 in our calculations), the unkown

parameter Eex
hh for tWL = 1 ML and 1.6 ML can be

determined uniquely from the reference samples. Then

Eex
hh for tWL between 1 ML and 1.6 ML can be further

obtained via the linear interpolation, which is

Eex
hh ¼ 19:83tWL � 12:13 ðmeVÞ in our calculations.

With the calibrated Eex
hh and Eex

lh , it is straight to fit the

Fig. 2 (a) RD spectrum (q)
and its second derivative
spectrum with respect to
wavelength (d2q/dk2) of the
sample 10. The GaAs band
edge, LH- and HH-hole
related transitions in the WL
are indicated by the arrows.
Inset shows the sample
structure. (b)Variation of d2q/
dk2 spectrum with the
samples indicated by the color
contrast. The wavelengths of
the three transitions are
indicated by triangles, squares
and circles, respectively
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HH and LH transition energies by tWL and R. The

details of the calculations will be given elsewhere.

The deduced tWL and R are shown in Fig. 3. During

the FM growth (samples 1–3), the deposited InAs is

only distributed in the WL, leading to a linear increase

of tWL. During the SK growth, tWL still increases line-

arly but at a slower rate for samples 4–8. However, for

samples 9–12, tWL stops increasing probably due to the

formation of the huge InAs dots. The dislocated InAs

dots can serve as the sink centers for indium atoms,

therefore reduce the growth rate of the WL effectively.

When the ripening process occurs, tWL is actually

reduced, indicating that not only the newly deposited

InAs but also the part of WL are absorbed by the InAs

islands. From Fig. 3, it is found the InAs islands start to

appear when tWL is larger than 1.3 ML. This value is

apparently less than 1.5–1.7 ML, which is usually

regarded as the critical thickness for InAs dot to form

on GaAs [18]. This can be attributed to the desorption

of indium atoms due to the high growth temperature

(530 �C) and the slow growth rate.

Since the samples are grown at a very slow rate and

relatively higher temperature, we can adopt an equi-

librium model presented by Daruka and Barabási to

discuss the above results [14]. According to the model,

tWL increases linearly with the InAs deposition thick-

ness within the FM growth regime, and then the growth

rate of WL becomes slower during the SK growth due

to the competition of the InAs dots. Finally tWL satu-

rates at a maximum value when the ripening occurs.

The theoretical results can explain partly the result in

Fig. 3, i.e., the evolution of tWL for samples 1–8.

However, for samples 9–16 the experimental data

deviate from the prediction of the model apparently. It

is probably due to the huge dots that are formed in

samples 9–16. As stated early, these huge dots can

relax their strain via the generation of dislocations,

therefore their ability to absorb the indium atoms is

greatly enhanced. This suggestion consists with the in-

crease of the density of the huge dots in samples 9–16.

The obtained R shows a variation very similar to

that of tWL as shown in Fig. 3. This suggests that the

formation and ripening of the islands play also an

important role in the segregation effect. The inset in

Fig. 3 shows R versus tWL, where a linear relation

between R and tWL is observed. Clearly it reflects a

simple fact that the segregation is enhanced greatly by

the strain in the WL. It is worth to point that R is in the

range of 0.8–0.87 after the dots are formed. These

values agree well with the reported data determined by

other methods, for examples, R is estimated about 0.79

in Ref. [19], and in the range of 0.85–0.87 in Ref. [20].

The resonant structure in vicinity of 875 nm in

Fig. 2b comes from the GaAs strained by the deposited

InAs. At present we cannot distinguish whether it

come from the GaAs beneath the surface InAs layer or

the region associated to the buried InAs layer. The N-

like shift of the energy with the InAs deposition indi-

cates an interesting evolution of the strain in the GaAs

around the InAs layers. The further research is needed

to clarify the details.

In summary, the HH and LH related transitions of

the InAs WL have been observed in RD spectra, from

which the InAs amount in the WL and the In segre-

gation coefficient are determined. The transitions be-

tween FM, SK, and R growth modes have been

revealed clearly by the variation of the InAs amount in

the WL and the In segregation coefficient. In addition,

the formation of dislocated dots is also suggested to

affect greatly the evolution of the WL. The linear

dependence between In segregation coefficient and the

InAs amount in the WL reflects that the segregation is

enhanced by the strain in WL.
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